Background: Lung adenocarcinomas (LUADs) lead to the majority of deaths attributable to lung cancer. We performed whole-exome sequencing (WES) and immune profiling analyses of a unique set of clinically annotated early-stage LUADs to better understand the pathogenesis of this disease and identify clinically relevant molecular markers.
Introduction
Lung adenocarcinoma (LUAD) is the most prevalent subtype of non-small cell lung cancer (NSCLC) [1] . LUAD exhibits relatively poor prognosis warranting the need for better predictors of clinical outcome and treatment strategies [1] . These advances are restrained by a limited understanding of LUAD pathobiology [2] . Smoker LUADs commonly ($25%) exhibit KRAS mutations [2, 3] . In contrast, mutations in EGFR are more prevalent in nonsmoker LUADs and predict response to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) [2, 3] . Using next-generation sequencing and profiling methods, various point mutations and copy number variations (CNVs) have been described in LUADs [3] [4] [5] . While these alterations are implicated in canonical cancer signaling pathways, their relevance to the clinical outcome of early-stage LUAD is poorly understood.
The dynamic relationship between tumor cells and immune microenvironment plays key roles in cancer pathogenesis [6, 7] . This is largely due to failure of deployment of cytotoxic T-cell lymphocytes (CTLs) or to suppression by immune inhibitory checkpoints (e.g. CTLA4 or PD-1/PD-L1) [6, 7] . Markers of immune response are prognostic and predictive in lung cancer patients, for example, increased levels of tumor-infiltrating CTLs are a favorable prognostic indicator [8] . The role of the immune system in lung oncogenesis is accentuated by studies demonstrating clinical responses to checkpoint blockade immunotherapies [9, 10] . Recently, studies have pointed to association of expression levels of immune markers with response to immune-based therapy [11, 12] . It is not clear which molecular alterations in LUAD cells could influence immune marker expression and, potentially, response to immune-based therapies [11] .
We sought to characterize molecular phenotypes of early-stage LUAD that are significant to the pathogenesis of the disease by querying those that impact several important clinicopathological features, namely prognosis, response to therapy and immunophenotypes. To do so, we surveyed the mutation spectrum of 108 richly annotated early-stage surgically resected LUADs by wholeexome sequencing (WES) and immune profiles of 92 of these LUADs using imaging-based immunohistochemistry (IHC). Here we report alterations that are associated with clinical outcome in early-stage LUAD patients and point mutations that are significantly associated with expression levels of effector and inhibitory checkpoint immune markers. These mutations may play a key role in personalized strategies for targeted immunotherapy.
Methods
Details on methods and codes pertaining to statistical analyses are found in supplementary Methods, available at Annals of Oncology online and Sweave Reports (supplement Data, available at Annals of Oncology online).
Early-stage LUAD cohort
LUADs and matched normal lung tissues (n ¼ 108 pairs) (supplementary Table S1 , available at Annals of Oncology online) were obtained from the MD Anderson Cancer Center (MD Anderson) Lung Cancer SPORE tissue bank and from the PROSPECT cohort [13] . Tumors were classified using the 2004 WHO classification system as described previously [14] . All specimens were obtained from patients who were evaluated at MD Anderson and following informed consent under protocols approved by Institutional Review Board. Paired LUAD and normal tissues were obtained snap-frozen. The percentage of malignant tissue was calculated by histological examination following Hematoxylin-Eosin staining. All LUADs analyzed comprised at least 30% malignant lung cells.
Whole-exome sequencing
Genomic DNA was captured on the NimbleGen 2.1M human exome array according to the manufacturer's instructions and subjected to 75-bp pairedend sequencing using the Illumina HiSeq2000 platform as described previously [15] . Sequence reads were mapped to the reference genome (hg19) and analyzed as described previously [16] .
Identification of somatic point mutations
Somatic mutations were identified as described previously [16, 17] . Briefly, somatic variants were identified by statistically comparing reference and nonreference reads in LUADs relative to reads in corresponding normal lung tissues. Somatic small insertions and deletions (indels) were identified as reported previously [16] . Significantly mutated genes were identified based on displaying an overall increased somatic mutation burden than that expected by chance.
IHC and image analysis
Four-micron-thick sequential tumor sections were obtained from formalin-fixed paraffin-embedded tumor blocks of 92 LUADs studied by WES. IHC was performed using an automated staining system (BOND-MAX; Leica Microsystems) with antibodies against PD-L1, PD-1, CD3, CD4, CD8, CD45RO, CD57, Granzyme B, FOXP3 and CD68. Details on the antibodies used and on IHC and image-based analysis are included in supplementary Methods, available at Annals of Oncology online.
Results

WES of early-stage LUADs
Early-stage (stages I-III) LUADs and paired normal lung tissues (108 pairs) were studied by WES (supplementary Table S1 , available at Annals of Oncology online). Eighty-six percent of patients were ever-smokers. Median follow-up times to survival and recurrence were 50.6 (range: 1-172) and 35 (range: 1-162) months, respectively. By design, LUADs were sequenced at a greater depth compared to normal lung tissues. Targeted regions in LUADs and normal samples were read by an average of 221 X and 119 X, respectively (supplementary Table S2 , available at Annals of Oncology online). We then mapped loss-of-heterozygosity (LOH) segments by computing differences in B-allele frequencies of common germline variants in tumor-normal pairs. The LUADs exhibited a median of four events per tumor and an overall LOH rate of 10.6% across the genome (supplementary Figure  S1 , available at Annals of Oncology online).
The LUADs harbored a mean of 243 somatic mutations. In concordance with previous reports [4, 5] , smoker LUADs exhibited significantly more somatic coding mutations compared to nonsmoker tumors (P < 0.01; supplementary Figure S2 , available at Annals of Oncology online). Also consistent with previous reports [4, 5] , the most common base substitutions were C > T transitions and C > A transversions (supplementary Figure S3 , available at Annals of Oncology online) with smoker LUADs exhibiting significantly more C > A transversions than nonsmoker LUADs (supplementary Figure S3 , available at Annals of Oncology online; P < 0.001). Early-stage LUADs with relative lower (less than the median) somatic mutation number exhibited a trend for poorer recurrence-free survival (RFS) compared to patients with higher mutation rates (supplementary Figure S4 , available at Annals of Oncology online).
Identification of single-nucleotide variants and CNVs in early-stage LUAD
To identify genes with overall significantly increased somatic mutation burden, we first combined MD Anderson cohort LUADs (n ¼ 108) with LUADs from the cancer genome atlas (TCGA; n ¼ 387) (total of 495 LUADs). Probabilities of mutations being present in each gene were adjusted in the combined cohort in order to prioritize genes for analysis in the MD Anderson cohort (supplementary Methods, available at Annals of Oncology online). We found 28 genes with significantly increased mutation burden based on the genome-wide threshold of P < 2.4 Â 10 À 6 (supple mentary Table S3 , available at Annals of Oncology online). Consistent with previous reports [4, 5] , these included TP53, KEAP1, STK11, NF1, ATM, KRAS, EGFR, PIK3CA, BRAF, SMARCA4, SETD2, RBM10 and U2AF1 (supplementary Table  S3 , available at Annals of Oncology online). Mutations in TP53 were most frequent (supplementary Table S3 , available at Annals of Oncology online). LUADs with mutant EGFR exhibited significantly lower somatic mutational burdens compared to EGFR wild type (WT) tumors (P < 0.001; supplementary Figure S5 , available at Annals of Oncology online). Additional significantly mutated genes included VCAN, ROBO2, BAZ2B, FOLH1, COL12A1, HEPACAM2, TRHDE, UBA6, INHBA, SPATA18, ZNF479, EPRS, NFATC2, LRRIQ3 and ALS2CR11 (supplemen tary Table S3 , available at Annals of Oncology online). The gene mutation frequencies were significantly correlated between the MD Anderson and TCGA cohorts (R ¼ 0.94) (supplementary Table S3 , available at Annals of Oncology online).
CNVs affecting broad regions in chromosome (chr) 1 and the short arm of chr 8 were the most frequently observed gains and losses, respectively (47% and 35%, respectively; supplementary Figure S6 , Tables S4 and S5, available at Annals of Oncology online). We observed significant gains in the oncogenes MCL1, TERT, EGFR, CDK6, MYC, MUC5AC, AKT1, ERBB2 and BCL2L1 and losses in the suppressors SETD2, APC, PRDM1, TSC1, CDKN2A, TP53, STK11 and SMARCA4 (supplementary Figure S6 , available at Annals of Oncology online). We also found that the identified CNVs patterns in the MD Anderson cohort were significantly and positively correlated (R ¼ 0.72 and P < 2.
) with profiles in the TCGA set (supplementary Figure  S7 , available at Annals of Oncology online). Identification by multivariate analysis of mutated genes (C) or a combination of mutated genes and CNVs (D) that were associated with relatively poor RFS in early-stage LUADs who received adjuvant therapy. P-values were obtained using the log-rank test and the Kaplan-Meier method for estimation of survival probability. CNV, copy number variation; LUAD, lung adenocarcinoma; RFS, recurrence-free survival. Figure 2 . Mutation signatures and immune marker expression in 108 early-stage LUADs. Exonic somatic mutations were identified as described in supplementary Methods, available at Annals of Oncology online. Columns represent LUADs, arranged from left to right by decreasing proportion of C > A transversions (top panel). Middle rows indicate pathological stage, mutation burden categorized into four groups, pack years and smoking status. Rows represent significantly mutated genes that are ordered vertically in decreasing order of NS mutation frequency. Corresponding (bottom heatmap) expression levels of immune markers were log-transformed and analyzed by hierarchical clustering using Gower's distance and ward's linkage method (yellow, relatively up-regulated; blue, relatively down-regulated). LUADs, lung adenocarcinomas; NS, non-silent.
Analysis of mutations in the context of clinical outcome in early-stage LUAD
Sweave Reports, available at Annals of Oncology online. We sought to survey alterations or groups of alterations that are significantly associated with prognosis (in patients who did not receive therapy, n ¼ 64) and response to therapy (in patients who received adjuvant therapy, n ¼ 44). Akaike information criterion was applied stepwise to filter out insignificant terms during building of models incorporating mutations alone or both mutations and CNVs. Multivariate analysis revealed that among LUAD patients who did not receive adjuvant therapy (nontreated), mutations in SETD2 were significantly associated with poorer RFS (P ¼ 9.6 Â 10 À 4
; Figure 1A) . KRAS mutant LUAD patients with co-occurring mutations in STK11, ATM or LRRIQ3 exhibited poorer RFS compared to patients who were WT for these events (P ¼ 0.002; Figure 1B ). Among LUAD patients who received adjuvant therapy, mutations in KEAP1, PIK3CA or EGFR were significantly predictive of poorer response to adjuvant therapy (P ¼ 0.009; Figure 1C ). When CNVs were incorporated into the model, KEAP1 or PIK3CA mutations or focal gains in chr14 (AKT1) were predictive of poor response to therapy (P < 0.001; Figure 1D ).
Analysis of immune marker expression in earlystage LUAD
We then sought to understand immunophenotypes that are particularly associated with specific molecular subsets of LUAD. We assessed the intratumoral (tumor core) and peritumoral (surrounding the tumor) expression of PD-1, CD3, CD4, CD8, CD45ro, CD57, CD68, FOXP3 and Granzyme B as well as the tumoral expression of PD-L1 (supplementary Table S6 , available at Annals of Oncology online) in 92 out of the 108 early-stage LUADs. We first integrated and correlated different mutational features with the expression of the immune markers (Figure 2 ). LUADs that developed in smokers, displayed relatively high mutation burdens, were enriched with C > A transversions and/or tumors that harbored KRAS and TP53 mutations (all molecular features of smoker LUADs) displayed generally elevated immune marker levels ( Figure 2 and Table 1 ). Tumoral PD-L1 was the most elevated immune marker in smoker LUADs (P ¼ 0.0006; Table 1 and supplementary Figure S8 , available at Annals of Oncology online). Expression levels of PD-L1, CD3, CD4, CD8, CD45ro, FOXP3, Granzyme B, PD-1 were significantly (P < 0. 05) positively correlated with somatic mutation burden ( Table 1) .
We then probed immunophenotypes based on the identified significantly mutated genes. We derived immune scores (see sup plementary Methods, available at Annals of Oncology online) indicative of T-cell exclusion (comprised of CD4/CD8 and PD-L1 expression) and natural killer (NK) cell (CD57 and Granzyme B) infiltration. LUADs with mutations in STK11 displayed relatively high levels of the T-cell exclusion score, i.e. low expression of CD4 and CD8 indicative of a muted immune response (P < 0.05; Figure 3A and B and supplementary Table S7 , available at Annals of Oncology online) and relatively high tumoral PD-L1. Tumoral PD-L1 expression was significantly elevated in TP53 mutant LUADs (P ¼ 0.002; supplementary Figure S9A , available at Annals of Oncology online). In contrast, PIK3CA mutant LUADs exhibited marked suppression of the immune checkpoint (P < 0. 001; supplementary Figure S9B , available at Annals of Oncology online). LUADs with mutated TP53 (Figure 3C and D) and KEAP1 ( Figure 3E and F) exhibited elevated tumor core and peritumoral NK scores, respectively, indicative of increased infiltration of NK cells (P < 0.05). These findings point to immunophenotypes that are differentially expressed among different molecular subsets of LUAD.
Discussion
Our WES analysis pinpointed significant mutated genes and recurrent CNVs in early-stage LUAD. We identified prognostic alterations and those that were predictive of response to adjuvant therapy. IHC-and image-based profiling pointed to markers of immune response that were modulated based on smoking patterns and somatic mutation status. Of note, we found immunophenotypes that were differentially modulated among different molecular subsets of LUAD. STK11 mutant LUADs exhibited significantly reduced CD4/CD8 expression and, thus, infiltration of T-cells whereas LUADs with mutated TP53 or KEAP1 displayed increased levels of markers associated with NK cell infiltration. We also found that PIK3CA mutant LUADs, relative to WT tumors, exhibited substantially reduced expression of the immune inhibitory checkpoint PD-L1. Our findings point to alterations that may influence clinical outcome of early-stage LUAD and to mutations that impact the interaction between LUADs and the host immune system.
Our WES analysis recapitulated reported findings on the mutational landscape of LUAD [4, 5] . For instance, we found that smoker LUADs exhibited significantly higher numbers of somatic coding mutations and differential mutation spectra (increased C > A transversions) compared with nonsmoker tumors. Our WES analysis also pinpointed somatic significant mutant genes and CNVs that corroborated recent efforts and reports by the TCGA [4] . Additional candidate genes also demonstrated statistical enrichment for mutation in our early-stage LUAD cohort ( Figure 2 ). These additional putative candidate genes have been previously implicated in cancer pathogenesis [18] [19] [20] . For example, significant somatic alterations in the tumor suppressor ROBO2 were described in pancreatic cancer [20] and in gastric and colorectal tumors [18] . INHBA, a member of the transforming growth factor-b superfamily, was demonstrated to be a significantly mutated driver candidate gene in endometrial cancer [19] . Our current findings, and the aforementioned reported observations, point to an expanded repertoire of candidate mutant genes involved in LUAD pathogenesis. Our clinicopathological analysis revealed alterations that were indicative of poor RFS (e.g. SETD2 mutations) in early-stage LUAD. Of note, inactivating mutations in SETD2 were found to be significantly associated with disease progression and poor disease-free survival in 609 patients with clear cell renal cell carcinoma (ccRCC) [21] . Our analysis also identified aberrations (PIK3CA, KEAP1, EGFR mutations and AKT1 gain) that were predictive of poor response to adjuvant therapy. Our data on KEAP1 mutations are consistent with earlier reports on the associations of mutations in the NRF2-KEAP1 axis with poor response to adjuvant chemotherapy [22] . Also, previous reports have revealed a significant association between PIK3CA mutations and resistance to therapies targeting EGFR and ERBB2 [23, 24] . Certainly, how early-stage LUAD patients with these alterations would respond to inhibitors of the PIK3CA pathway is a question that will need to be answered in the future. It is worthwhile to note that our analysis of clinical outcomes based on the identified mutation profiles and molecular phenotypes is limited by the cohort size and by the number of patients exhibiting specific mutated genes. In this context, our findings generate hypotheses on the role of mutations and CNVs in the clinical outcome of early-stage LUAD that warrant further analysis and validation in different cohorts.
It is still not clear what molecular factors may influence patient response to immune-based therapies and whether different molecular subsets of LUADs exhibit differential immune responses. In this context, we sought to analyze the association of immune marker expression with the mutational phenotype in early-stage LUAD. TP53 mutant LUADs exhibited both an overall increased immune response including significantly elevated expression of PD-L1 as well as relatively high-somatic mutation burdens. Of note, LUADs with a higher nonsynonymous mutation burden in NSCLCs treated with the anti-PD-1 antibody pembrolizumab exhibited improved objective response [25] . It is plausible that the elevated immune marker expression in TP53 mutant LUADs is linked to the increase somatic mutation burden in these tumors and not to the tumor suppressor itself. Indeed, we also found in TP53 mutant LUADs elevated expression levels of Granzyme B and CD57 which were also significantly and positively correlated with somatic mutation burdens.
We also found that STK11 mutant LUADs exhibited significantly suppressed levels of tumor-infiltrating CD4þ and CD8þ T-cells. PIK3CA or KRAS mutant LUADs with cooccurring STK11 mutations also displayed down-regulated expression of PD-L1. Our data on the association of STK11 mutations with reduced immune response are consistent with a recent study probing co-occurring mutations and immune alterations in KRAS-mutant LUADs [26] . It is plausible that mutations in STK11 or PIK3CA affect the interaction of LUADs with the immune microenvironment through specific contextual cues. Our group has demonstrated that the PD-L1-targeting antibody MPDL3280A (atezolizumab) was most effective when tumors exhibited high levels of PD-L1 [12] , suggesting that the status of preexisting immunity is an important predictor of response to immunotherapies. Thus, somatic mutations such as PIK3CA and STK11 that may alter preexisting antitumor immunity, e.g. PD-L1 signaling, might serve as viable biomarkers for response to immunotherapies such as PD-L1-targeting antibodies. Efforts are underway to probe and validate the clinical utility of these mutations in predicting early-stage LUAD patients who will benefit from anti-PD-L1 therapy.
In conclusion, our WES and immune profiling analysis identified prognostic genomic alterations as well as mutations and CNVs that were predictive of response to adjuvant chemotherapy in early-stage LUAD. Our study also reveals dynamic relationships between the tumor and host immune response that define unique subsets of early-stage LUAD with potentially varying vulnerability to immune-based therapies. Lastly, our findings highlight mutations that could serve as candidate biomarkers for targeted immunotherapies, particularly anti-PD-L1 therapy.
